Introduction {#Sec1}
============

The meniscus is a semilunar fibrocartilaginous structure interposed between the femoral condyle and the tibial plateau in the knee joint. The meniscus is essential for load transmission across the articular surfaces, for femorotibial joint stability and for long-term joint health^[@CR1]^. Degradation of the meniscal tissue can increase articular cartilage strain^[@CR2]^, and may lead to cartilage degeneration and osteoarthritis^[@CR3]^. Knowledge of the complex structure of the meniscal extracellular matrix (ECM) has increased thanks to emerging technologies for *in situ* imaging of intact specimens, such as Optical Projection Tomography (OPT)^[@CR4]^. In particular the arrangement of meniscal fascicles^[@CR4]^, its tie-fiber organization^[@CR5]^, and the menisco-tibial ligament insertion transition have all recently been revealed by investigation of bovine samples^[@CR6]^.

SHG microscopy is a recent and powerful technique to image the structure of biological specimens as it provides submicron spatial resolution, has low phototoxicity and a high depth selectivity and penetration. In this respect, SHG imaging is similar to multiphoton-excited fluorescence microscopy^[@CR7]^. However, important differences exist: it is a coherent process sensitive to the phase-matching conditions where the measured signal arises from constructive/destructive interferences, it is also instantaneous and free from photobleaching as the signal conversion is due to a structural arrangement and does not involve electronic transition^[@CR8]^. SHG microscopy has been used to image fibrillar collagen in specimens including type II collagen in articular cartilage^[@CR9]--[@CR16]^. Furthermore, because of its coherent nature, the detection of the signal in the direction of propagation (forward - F) provides different imaging features compared to the backward (B) direction^[@CR17]^. The F/B ratio increases with the level of homogeneity of noncentrosymmetric structures within the focal volume and has been related to the size of the collagen fibrils for collagen rich tissues^[@CR18],[@CR19]^.

The complex noncentrosymmetric structural organization of meniscal collagen has been previously imaged using Second Harmonic Generation (SHG) microscopy^[@CR5],[@CR20]--[@CR23]^. SHG microscopy has revealed a variety of meniscal structural features including: the fiber bundle organization^[@CR24]^, the arborization of the tie-fibers^[@CR5]^ and the interaction of primary cilia with the ECM^[@CR25]^ in healthy menisci. The effect of degradation on ECM density and cell accumulation^[@CR26]^, of cyclic loading^[@CR27]^ and the meniscal integrity following repair^[@CR20]^ have also been imaged by SHG microscopy. Furthermore large images of the whole joint (cartilage and meniscus) were imaged by multiphoton fluorescence and SHG^[@CR28]^, and even *in-vivo* and minimally processed joints using SHG microendoscopy^[@CR29]^. SHG and Coherent Anti-Stokes Raman Scattering (CARS) microscopy have also been employed to characterize artificial meniscus-like implants^[@CR30]^. However, up to now, the local orientation of the meniscal collagen structures has been mainly characterized by OPT, only to a resolution of \~15 µm permitting identification of the collagen fascicles but not of the individual fibers^[@CR4]^. These fibers were later imaged by SHG microscopy in some areas from bovine samples^[@CR5]^, but their orientation was discussed only in terms of the SHG intensity. The latter is subject to interference due to the coherent nature of the process, that can result in masking the real underlying structure^[@CR31]^ therefore preventing imaging of the fibril orientation and nonlinear tensor properties on its own^[@CR32]^. Polarization-resolved SHG (P-SHG) was developed to override this limitation, and has been shown to accurately reveal the alignment distribution of collagen fibrils in various tissues such as tail tendon or skin^[@CR32]--[@CR34]^, but has never been reported in meniscus.

The influence of age on the mechanical response of meniscal connective tissue has been studied at the nanoscale in human menisci using atomic force microscopy^[@CR35]^. The propagation of collagen II deposition has been investigated in the mouse (using an anti-collagen II bioclone) from the inner to outer border, during meniscal growth from foetus to adult^[@CR36]^. Furthermore the relative area of meniscus versus articular cartilage has also been characterized during human foetal gestation^[@CR37]^. In addition, the meniscus has been shown to increasingly develop cartilaginous properties during maturation^[@CR38]^. A recent study also compared vertical meniscal sections in bovine joints from foetuses and adults^[@CR39]^, and reported that the spacing between circumferential bundles of fibrils is much higher in foetuses than in adults.

Here, we demonstrate the unique potential of SHG and P-SHG to measure the collagen structure in the meniscus, and we use these two techniques together with histology to characterize the structural differences between equine foetal and adult meniscal ECM. Understanding and imaging the meniscal ECM could provide new knowledge to support studies on meniscal degradation events in joint degeneration, and potentially new insights towards meniscal regeneration in the future.

Results {#Sec2}
=======

Forward and backward SHG {#Sec3}
------------------------

Representative images of the ECM from the central body of two foetal and adult menisci visualized by standard SHG (using circular polarization) are presented in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} respectively. Only collagen fibrils are visible as they are the only non-centrosymmetric material^[@CR5]^. Additional images of all foetal and adult menisci can be found in the Supplementary information (respectively Figs. [S3](#MOESM1){ref-type="media"} and [S4](#MOESM1){ref-type="media"}).Figure 1Forward SHG (left, (**a,c**)) and backward SHG (right, (**b,d**)) from two menisci samples from equine foetuses ((**a,b**), F1 and (**c,d**) F2) knee joints). F1 ((**a,b**)) shows a tissue that is mostly homogeneous (horizontal patterns), whereas F2 ((**c,d**)) shows more randomly oriented patterns. Both menisci show similar images in forward and backward directions. The images of the same samples (**a,b or c,d**) are displayed using the same look-up table, but the backward images have been multiplied by a factor indicated in yellow because less signal is physically detected in this direction compared to forward. Scale-bars: 200 μm.Figure 2Forward SHG (left, (**a,c**)) and backward SHG (right, (**b,d**)) from two menisci of equine adults (A1 for (**a,b**) and A4 for (**c,d**)) knee joints. Both menisci show different patterns in forward and backward directions: the backward images better highlights the thick structures, mostly identified as fibers. The images of the same samples (**a,b or c,d**) are displayed using the same look-up table, but the backward images have been multiplied by a factor indicated in yellow because less signal is physically detected in this direction compared to forward. Scale-bars: 200 μm.

The SHG images of Fig. [1](#Fig1){ref-type="fig"} reveal that the collagen of foetal menisci shows similar patterns in both forward and backward SHG directions. Figure [1](#Fig1){ref-type="fig"} shows that F1 (a & b) has aligned horizontal fibrils over the whole region-of-interest (ROI), and that F2 presents numerous different orientations in the ROI (c & d, see also Table [S1](#MOESM1){ref-type="media"}). For both samples, the visible patterns are similar, and forward and backward SHG images present equivalent features. This is particularly visible on the overlay of the forward and backward channels of Figure [S2](#MOESM1){ref-type="media"} (a&b, Supplementary information).

In the case of mature specimens (adults, Fig. [2](#Fig2){ref-type="fig"}), the forward images present numerous differences from the backward ones. In the backward direction, thick collagen fibers are visible while the signal between the thick fibers is strongly reduced, or with zero signal (see also Figure [S2 c&d](#MOESM1){ref-type="media"}). It is worth noting that, here, the retro-reflection of the forward SHG on the backward image seems to be negligible: no pattern from the forward images (a & c) is visible on the backward image (b & d). Thus, the experimental precaution indicated for instance in Légaré *et al*.^[@CR40]^ was not here necessary to obtain a proper backward image.

Polarization-resolved SHG (P-SHG) {#Sec4}
---------------------------------

Collagen fibril orientation in the imaging plane obtained by P-SHG imaging is shown in Fig. [3](#Fig3){ref-type="fig"} for the foetal menisci (exact same zones as in Fig. [1](#Fig1){ref-type="fig"}), and in Fig. [4](#Fig4){ref-type="fig"} for the adult ones (exact same zones as in Fig. [2](#Fig2){ref-type="fig"}). Images of other foetus and adults can be found in the Supplementary information, Fig. [S5](#MOESM1){ref-type="media"} (foetus) and S6 (adult). The foetal meniscal fibrils are either homogeneous in orientation (Fig. [3(a)](#Fig3){ref-type="fig"}), or random (Fig. [3(b)](#Fig3){ref-type="fig"}), whereas all the adult samples show clusters of homogeneous orientations. On the polar histogram (revealing the overall orientation of the collagen fibrils), the random distribution is seen by an almost circular pattern, whereas an homogeneous distribution leads to a directional double-lobe. These P-SHG images confirm what was shown in the backward SHG images (Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}): in the adult meniscus (Fig. [4(a),(b)](#Fig4){ref-type="fig"}), a complex network arrangement of thick fibers interlaces a rather homogeneous assembly of orthogonal fibril bundles.Figure 3Collagen fibril orientation in the imaging plane (ϕ) measured by P-SHG, for the same foetus specimens (F1 (**a**) and F2 (**b**)) as in Fig. [1](#Fig1){ref-type="fig"}. The foetus F1 (**a**) has a homogeneous orientation: the polar histogram reveals two directional lobes. The foetus F2 (**b**) exhibits a random orientation, almost equally scattered over all the angles: the polar histogram is then a low-eccentricity ellipse. Scale-bars: 200 μm.Figure 4Collagen fibrils orientation in the imaging plane (ϕ) measured by P-SHG, for the same two adults' specimen (A1 (**a**) and A4 (**b**)) as in Fig. [2](#Fig2){ref-type="fig"}. These mature menisci have an organized structure, with some thick fibers that clearly delimitate bundles of homogeneous fibrils. On the polar histograms, the orientation shows a principal component coupled with some other components corresponding to the numerous -- but still limited -- orientations. Scale-bars: 200 μm.

Quantitative comparison {#Sec5}
-----------------------

The pixel-wise ratio of forward over backward SHG signals (F/B) was averaged first over the whole image in Fig. [5(a)](#Fig5){ref-type="fig"}, and then by separating the thick fibers from the residual tissue (inter-fibrillar area, see Methods) in Fig. [5(b)](#Fig5){ref-type="fig"}. The F/B SHG for the thick fibers area are similar for adult vs foetus specimens (not shown), while the remaining tissue (i.e. inter-fibrillar area) shows an F/B around 4.5 for the foetus and around 28 for the adult: this is consistent with what is observed in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}. The F/B of the whole image is also significantly different for the adult versus the foetus. In addition, the difference observed in the structure of SHG images was assessed by the ratio of non-fibrous over fibrous areas: as seen in Fig. [5(c)](#Fig5){ref-type="fig"}, the area without those thick fibers (inter-fibrillar area) is close to 98% for the foetuses whereas it is around 90% for the adult, with a significant statistical difference between both values.Figure 5Quantitative results of F/B and P-SHG. Forward over backward ratio (F/B) over the whole image (**a**) or for the inter-fibrillar area (**b**) for all the foetus and adult menisci. (**c**) Relative inter-fibrillar area measured in backward SHG, i.e. the percentage of inter-fibrillar area compared to the whole image. (**d**) Circular standard deviation (std) of the P-SHG fibril orientation in the image plane (ϕ): the adult (in dark blue) have values around 32°, whereas the foetuses (in red) split in two groups: one having a value of ϕ circular std rather low (\~26°), the other one a larger value (\~37°). In each graph, the mean of the different values was taken, and the error bars indicate the standard error of the mean (SEM) of the serie. The statistical significance (NS: non-significant, p \< 0.05: significant) was tested using the non-parametric Wilcoxon-Mann-Whitney test. The set of samples consist of n = 5 for foetuses and n = 6 for adults, which gives an acceptable statistical representation given the difficulty to obtain foetus samples.

Moreover, the differences between the fibril orientation distributions observed in Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"} were verified by computing the circular standard deviation (std) of the angle ϕ, for every meniscus imaged in P-SHG. The results are reported in Fig. [5(d)](#Fig5){ref-type="fig"}. The foetuses are clearly split into two groups, as the difference between the homogeneous and the random fibril orientation is too high to merge them together. Noteworthily, this discrepancy cannot be explained by the age of the foetuses (see Table [S1](#MOESM1){ref-type="media"} in the Supplementary information) nor the type of menisci (lateral versus medial). It could rather be partly due to the relatively small site studied, and the difficulty of having all measures at the exact same site in each samples. The two foetal samples with a homogeneous orientation (F1 and F3, see Table [S1](#MOESM1){ref-type="media"}) do not show a significant difference from the adult group (too few samples), but the group of foetuses having random fibril orientation does show a significant difference. These statistics suggest that some subgroup of foetal samples exhibit different fibril orientation compared to the adults, while the reason to have different subgroups in the foetal samples remains unclear.

Discussion {#Sec6}
==========

Collagen, which plays a central role in the architecture of the tissue^[@CR41]^, is the principal component of the adult meniscal ECM (70%), of which 60% is type II and 40% type I^[@CR42]^. The ordering of the collagen fibrils within the focal volume of excitation (i.e. at the micron-scale) is usually probed by P-SHG using the anisotropy parameter ρ^[@CR43]^ (see Methods section for definition), but this method has been mainly applied to tissues composed of only one type of collagen. Indeed, despite having similar sequences of amino-acids^[@CR44]^, collagen I and II have different properties: they are biochemically different, and their fibrils have different sizes^[@CR12]^. It is thus a challenge to measure structural parameters such as ρ in such tissues. In previous studies of cartilage tissues, Romijn *et al*.^[@CR44]^ have differentiated collagen I and II but only at some specific pixels, resulting in a ρ mapping with a relatively high level of uncertainty^[@CR44]^. This discrimination is also challenging because the average ρ in collagen I and II was found to be similar^[@CR44]^.

Moreover, the semilunar and concave form of the meniscus (see Fig. [6](#Fig6){ref-type="fig"} in the Methods), and the 3D arrangement of its collagen results in fibrils pointing out of the image plane: this highly complex structural organization artificially modifies the measured ρ^[@CR44]^. As a result, the ρ values averaged over the whole images were undistinguishable between our samples of foetal and adult menisci (not shown here), despite clear different features observable in the images. Overall, the shape and contrast of the polarimetric diagrams extracted at each pixel cannot be exploited due to these complex effects. This comes at a high cost since this is usually the main feature exploited in P-SHG. For instance, this precludes the classification of these tissues by the method previously described by Rouède *et al*.^[@CR41]^, that mainly relies on ρ.

Despite this limitation, P-SHG can be used to measure the in-plane fibrillar orientation ϕ, as it exploits only the average orientation of the polarimetric diagram. The ϕ maps with or without the Kleinman filter condition were similar (data not shown), which shows that these maps are not sensitive to the precise value of the susceptibility tensor components, and that P-SHG's ϕ provides a robust way to measure these orientation maps. The ϕ-map in P-SHG (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}) probes the orientation of collagen fibrils at a local scale (pixel resolution, i.e. few μm), while the circular std (see methods section) of Fig. [5(d)](#Fig5){ref-type="fig"} measures the global tendency of alignment (at the field-of-view scale, i.e. few mm). A circular std has been chosen because it is a good metric of the dispersion of the ϕ distribution. The collagen fibrillar orientation of the adults (discernible in Fig. [2](#Fig2){ref-type="fig"} and clearly revealed in Fig. [4](#Fig4){ref-type="fig"}) seems to confirm what was suggested in Andrews *et al*.^[@CR5]^: some clusters of fibrils exhibit homogeneous orientation, and are separated by thick fibers. We interpret the clusters as the fascicles and the thick fibers as some parts of the tie-fiber sheets that are described in Andrews *et al*.^[@CR5]^. The low SHG signal of the inter-fibrillar area observed in backward images is consistent with the fact that the fascicles are perpendicular to the thick fibers in the image plane^[@CR5]^. Furthermore, the F/B ratio for these zones is higher in average, consistently with what is expected for out-of-plane fibrils^[@CR22]^.

The study of the forward and backward SHG (F/B) provides an analysis on the directionality of the SHG signal. The forward SHG image shows at each pixel the degree of phase-matching, with a selectivity on the ordered structures (within the focal volume), at the size of the SHG wavelength λ~SHG~. The backward SHG reveals smaller or more random structures in a complementary way^[@CR17]^. The F/B ratio is then smaller for the more disorganized structures - or for structures organized on a size smaller than λ~SHG~^[@CR17]^ - and increases with the fibril diameter, or with the diameter of bundle of fibrils of same polarity^[@CR18],[@CR45]^. This ratio is averaged over the whole field-of-view and thus provides global information on the collagen bundles in terms of size and arangment. Specifically, it is expected to be smaller for type II collagen, which is known to form fibrils with smaller diameters (few tens of nm^[@CR46]^) than type I collagen (few hundreds of nm)^[@CR47],[@CR48]^. Collagen II is also present in low amounts in foetuses, but increases with age^[@CR36],[@CR38]^. In addition, tie-fibers in mature samples have higher quantities of it compared to the other regions like fascicles^[@CR49]^. We therefore expect that the tie-fibers exhibit a lower F/B ratio than the rest due to the type II collagen fibrils present in this structure: accordingly, we have observed that the tie-fibers were the main visible patterns in the backward direction. However, the adults that contains more tie-fibers than foetuses would have a smaller global F/B ratio. This confirms that F/B SHG cannot unambiguously discriminate between type I and type II collagen or measure their respective quantities. Nevertheless, it demonstrates that it is a useful structural probe -- complementary to histological assessment -- sensitive to the different spatial organizations of the collagen (type II or mix type I/II) that varies with age.

Interestingly, the result of Fig. [5(c)](#Fig5){ref-type="fig"} confirms what was measured by Qu *et al*.^[@CR39]^ with multimodal multiphoton microscopy (SHG and two-photon fluorescence), using a local thickness measurement: the inter-fibrillar area reduces with maturity in meniscus. However, it is more precise to use P-SHG to circumvent interference pattern artifacts, as mentioned in the introduction. It is also noteworthy that the change from a random collagen meshwork to a more organized arrangement with maturation - that we have observed here in meniscus - has also been demonstrated in developing cartilage^[@CR50]^. Additionally, cartilage maturation has been shown to be coupled with the apparition of different zones^[@CR50],[@CR51]^, which is consistent with the formation of clusters of fibrils in meniscus that we have observed in this study.

To conclude, we report, for the first time to our knowledge, the mapping of the in-plane orientation of the collagen fibrils within the meniscal tissues over large ROIs. The observed structure of the collagen network in adult samples is in agreement with what has been previously reported (with other techniques) in bovine menisci^[@CR4],[@CR5]^: relatively thick tie-fibers oriented radially, interlacing some fascicles oriented circumferentially. Moreover, this organized structure is not identified in the foetal meniscus: the latter is composed of either a random fibril organization, or no network at all with only parallel fibrils. This study confirms the importance of SHG microscopy, especially the F/B as a structural probe for the study of the meniscal -- and potentially the cartilage's -- ECM, as well as the capacity of P-SHG to map the fibril orientation even with a mix of different collagen types. Both techniques are shown to be automated and applicable within a reasonable acquisition time, enabling large scale studies in the future. They also provide quantitative results which can be significant for further studies of the structure of meniscus at the micron-scale. We anticipate their future use for characterization of degeneration in the meniscus or cartilage, and overall furthering the understanding of such tissues.

Methods {#Sec7}
=======

Sample preparation {#Sec8}
------------------

This project was approved by the Institutional Animal Care and Use Committee (IACUC) of the Faculté de médecine vétérinaire, Université de Montréal. Tissues were obtained from a local slaughterhouse and from horses donated by their owners for research. The age of equine foetuses (n = 5) was estimated using crown-rump measurements as previously described^[@CR3],[@CR52],[@CR53]^. Adult samples (n = 6) were also studied, and had been banked from a previous study. The femorotibial joints were freed of soft tissue, inspected and the menisci harvested. Menisci were included in the study if the macroscopic appearance of all surfaces was normal (no fibrillations or tears) and if the joint of origin was also macroscopically intact (no cartilage erosions or evident pathology). Sample listing can be found on Table [S1](#MOESM1){ref-type="media"} of Supplementary information. Each meniscus was then laid over a protractor with the femoral surface uppermost and the cranial border aligned with the angle 0 as described previously^[@CR3]^ (see Fig. [6(b),(c)](#Fig6){ref-type="fig"}). A slice orthogonal to the circumferential direction^[@CR54]^, i.e. in the vertical-radial plane^[@CR5]^ was cut in the body of the meniscus. The menisci were placed in 10% formaldehyde for 2 h and then transferred to Ethylenediaminetetraacetic acid (EDTA, to avoid calcification effects on cutting) 20% for 2 weeks prior to paraffin embedding and subsequent sectioning. Five micron sections were cut (Fig. [6(a)](#Fig6){ref-type="fig"}) and then placed on a microscope slide (1 mm thick) covered by a thin coverslip (\#1.5 H, Thorlabs). The central part of this triangular-shaped tissue (see Fig. [6(b),(c)](#Fig6){ref-type="fig"}) was imaged on a microscopy slide oriented upside-down, with the coverslip facing the incoming light since the microscope objective is made to image through a thin coverslip (see Fig. [6(d)](#Fig6){ref-type="fig"}). This segment (body) of the meniscus was selected because it is denser in collagen than in proteoglycan, contrary to other sites^[@CR1]^.Figure 6Study design. The meniscus was removed from the equine knee femorotibial stifle (joint) and its body was sectioned at 90° (**a**). The triangular-shaped coronal (circumferential) sections were deposited on a microscope slide. (**b**) HEPS stain for standard histology and (**c**) Picro-sirius red stain for collagen. The rectangle in (**b**) shows the central area of the tissue investigated in SHG and P-SHG microscopy. (**d**) Schematic view of the set-up used for P-SHG and F/B SHG. A femtosecond laser directly excites the sample without being scanned, the image being done by moving the sample laterally with a motorized stage, synchronized to the acquisition by a multifunction card (DAQ). QWP: Quarter-wave plate, HWP: Half-wave plate. In P-SHG, the dichroic mirror can be removed to ensure a better polarization control, as the signal is captured in the forward direction. For F/B measurements, a dichroic filter is inserted before the excitation objective to send the backward SHG to a 2^nd^ detector (II).

Five micron sections were also cut and stained with haematoxylin, eosin, phloxine and saffron (HEPS) as well as Picro-sirius red to illustrate the collagen network architecture under polarized light microscopy (see Supplementary information Figs. [S1](#MOESM1){ref-type="media"} and [S2](#MOESM1){ref-type="media"}). All slides were digitalized with a LeicaDM 4000B microscope and Panoptiq v.1.4.3 computer software. All the images of the ROI of the central part are presented with the same geometry as in Fig. [6(b)](#Fig6){ref-type="fig"}, with the tibial surface at bottom and the inner border to the right.

SHG microscopy {#Sec9}
--------------

A mode-locked Ti:Sapph oscillator (Tsunami, Spectra Physics) delivering \~150 fs pulses at 810 nm and 80 MHz rate was used as the laser source. The microscope is a modified commercial laser-scanning setup (iMic, Thermo-Fisher Scientific Munich GmbH), where a plane mirror was inserted before the objective to by-pass the laser-scanning, and send the beam directly to the objective to perform sample-scanning with a translation stage (MLS203, Thorlabs). An achromatic telescope was used to re-size the beam to overfill the back aperture of the objective (UplanSApo 20 × , strain-free for good polarization control, NA 0.75, air immersion, Olympus). The polarization was controlled by a multi-wavelength half-wave plate (HWP, at 400 and 800 nm), and by an achromatic quarter-wave plate (QWP, 700--2500 nm, B. Halle) placed before the microscope (see Fig. [6(d)](#Fig6){ref-type="fig"}). A mechanical motor was used to vertically move the objective to find the proper focus position. Signals were collected in the forward direction using an objective with a numerical aperture of 0.75 (same reference as the excitation one) and detected on a photomultiplier tube (PMT - R6357 amplified with a C7319 unit, Hamamatsu Photonics, Japan) set at 900 V using appropriate spectral filters (two FF01-720/SP-25 and a FF01-405/10, SEMRock, Rochester, NY, USA). Scanning and signal acquisition were synchronized using a custom-written Python ([www.python.org](http://www.python.org)) software and a 6110 multichannel I/O acquisition card (National Instruments). Images were recorded using 50 µs pixel dwell-time. The sample-scanning allowed to do rather large scans (2000 × 1000 μm, 2 μm/pixel) in just one acquisition (no mosaic reconstruction) and in a reasonable acquisition time (55 sec), providing that the scan parameters are optimized and the synchronization between the motor and the acquisition DAQ card is controlled. Each image was acquired 3 times to perform an average measurement. These acquisition parameters were the same for the two techniques F/B SHG and P-SHG. The average power on the sample was adjusted to 20 mW, corresponding to roughly 0.3 nJ/pulse. Raw data visualization was performed with FIJI-ImageJ (NIH^[@CR55]^) and image processing was performed with MatLab (The MathWorks). All the images are presented with the full imaged areas, and oriented with the femoral surface on top and the outer surface on the left (as in Fig. [6(c)](#Fig6){ref-type="fig"}).

Forward and backward SHG measurements (F/B SHG) {#Sec10}
-----------------------------------------------

A circular polarization of excitation was used to image all structures independently of their orientation in the image plane. A long pass dichroic mirror (FF735-Di01-25 × 36, SEMRock) placed at the back-focal plane of the objective was used to reflect the SHG generated in the backward direction (epi). This dichroic mirror is translatable, and was inserted only when backward imaging was performed (using circular polarization), not for linearly polarized excitation. To calibrate the F/B measurements i.e. to take into account that the detection efficiency is different in forward and backward directions, we used the isotropic emission of the two-photon excited fluorescence signal from Coumarin 440 (diluted in ethanol), because its fluorescence (400--460 nm) lies partly in the range of the SHG filters (405 ± 5 nm). The obtained ratio between forward and backward directions was 0.4. The F/B ratio was calculated by an established method^[@CR17]^ by taking the median of the pixel-wise F/B signal in the whole field-of-view, the forward and backward images being the average of the 3 acquired frames.

Polarization-resolved SHG (P-SHG) {#Sec11}
---------------------------------

A perfect linear polarization is needed for P-SHG, so the polarization was calibrated with the routine developed in Romijn *et al*.^[@CR56]^, using a modified version of their MatLab code^[@CR57]^. This enables to use a varying linear polarization (from 0 to 180°) that stays linear even if the waveplates are placed before the input of the commercial microscope. It is worth noting that the dichroic used in F/B SHG measurements was removed for P-SHG, and that sample-scanning avoids any other source of polarization distortion compared to the standard laser-scanning. As we performed the SHG measurements, images were acquired for 18 polarization states, spaced by steps of 10° so that the full range of \[0, 170°\] was covered (the rest of the polarizations being redundant).

Theory and data treatment in P-SHG {#Sec12}
----------------------------------

For a complete description of P-SHG, see Teulon *et al*.^[@CR58]^. The collagen fibrils are here assumed to have cylindrical symmetry (C~∞~ group), and we neglect the chiral components of their nonlinear susceptibility tensor χ^(2)^. Furthermore, in the case where the fibrils are distributed around the imaging plane (which is reasonable for cartilage-like tissue), the out-of-plane orientation δ should be considered (δ = 0 meaning in the plane)^[@CR44]^. Even if the Kleinman symmetry should here apply as NIR wavelengths are used to drive the SHG process, thus having energies far from any transition^[@CR44]^, this condition is not assumed a priori to be able to verify it in data treatment. The independent non-zero components of the χ^(2)^ are then χ~33~, χ~31~ and χ~15~. The X axis in the XYZ frame corresponds to the same direction as the x axis in the xyz frame. The simplified expression for the two components of the SHG intensity (X being the direction of propagation) can then be written as^[@CR44]^:$$\documentclass[12pt]{minimal}
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The estimation ϕ~2~ (resp. ϕ~4~) of the relative orientation ϕ could then be extracted from the first exponential: $\documentclass[12pt]{minimal}
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Polar histogram for P-SHG {#Sec13}
-------------------------

The values of orientation ϕ obtained in P-SHG are circular, so their histograms are better represented on polar plots. The orientation is measured, but the polarity remains unknown so the values of ϕ are obtained in \[−π/2, π/2\]. To plot the histogram in a full circle, the values of ϕ were thus duplicated by a central symmetry (which makes the polar histograms inherently centrosymmetric). The orientations are color-coded, as indicated on the histograms (e.g. red for vertical and cyan for horizontal orientations). The standard deviation (std) for the values of ϕ must also use a circular calculation, otherwise the boundaries of the distribution are not considered equal and continuous, as an angle should be^[@CR60]^.

Quantitative distributions {#Sec14}
--------------------------

The Shapiro-Wilk's test was first used to reject the normality of the distributions, and the difference was then tested using the Wilcoxon-Mann-Whitney test. The significance threshold was set to 0.05. Meniscus shows regions of low SHG signal meaning discontinuities of the visible collagen structure, attributed to either out-of-plane fibrils or zones with no collagen. The relative surface of these inter-fibrillar areas can be calculated in ImageJ: a threshold (ImageJ "Yen white") was first applied to the backward SHG images to discriminate the fibrillated areas from the rest (see the masks in Fig. [S7](#MOESM1){ref-type="media"}, Supplementary information). Then, the relative area in this binary image was easily calculated.
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